The effects of altitude have been determined, from sea level to 11,000 feet, on the limits of safe operation of nine different gas appliances operated with a mixed city gas and in one case with propane.
Denver, found that some of the appliances could not be operated with safety in Denver, at the gas rates for which they had been approved by the association's testing laboratory in Cleveland.
After a thorough checking of the results of both laboratories, the only reasonable explanation for such a failure of the standard test methods seemed to be the difference in the altitude of the two laboratories.
Accordingly, the Bureau of Standards was asked to determine whether a change in altitude could account for the difficulties which had been encountered and to make a quantitative study of In order to make the results of this study generally applicable, and also to determine whether one type of appliance was more seriously affected than another, it was decided to test at least one representative approved model of each of the types of domestic gas appliances in most common use; namely, a water heater, a " circulating " space heater, a radiant heater, a range, and a central house-heating furnace. In all, eight appliances were tested with the mixed gas distributed in Washington. To these was added a manually operated gas calorimeter.
The calorimeter was tested on the mixed gas and also with propane in order to determine whether the type of gas used affected the results.
II. EQUIPMENT Figure 1 shows the interior of the altitude chamber, with a gas range installed for test. The chamber, which was approximately 8 by 8 by 1 8 feet, was supplied with compressed air, gas, water, vacuum, and electric connections. A large rotary exhauster provided means for reducing the pressure in the chamber, which, with the use of valves, could be held constant to 2 mm of mercury or less, this corresponding to less than 100 feet of altitude.
The instruments shown in figure l 3 were used to determine: (a) gas rate, (6) gas pressure at the appliance, (c) the constancy of composition of the gas supply, (<l) the proportion of primary air in the mixture being burned, (e) 4 The range of gas rates was determined by the amount of primary air required for complete combustion. The lowest gas rate was the one which produced no carbon monoxide until the primary air was reduced to an amount which caused yellow tips, while the highest gas rate was the one which did not permit complete combustion when the primary air was increased to an amount just less than that which caused lifting of the flames. For a complete discussion of this method of testing and of representing the results, see Research Paper No. 446, referred Referring again to figure 2, it will be observed that for a constant gas rate both blowing and yellow tips occur at lower primary air settings as the altitude is increased, although the effect on the position of yellow tips is small. Figure 5 , obtained from figure 2, shows the effect of altitude on the primary air setting at which the flames blew from the ports when water heater B was operated at the normal gas rate specified by the manufacturer. For this appliance the reduction of primary air required to avoid blowing at 10,000 feet amounted to By plotting the area of the flue opening against the carbon monoxide produced, it was possible to determine the area of the opening at which combustion became incomplete. In some cases this involved a small extrapolation to a flue area larger than the appliance possessed.
This process was repeated at each of several lower gas rates and at each of several altitudes. Figure 7 , obtained from tests of this nature on water heater B, shows a curve for each of four altitudes, 7 from which the area of flue opening required for complete combustion at various gas rates can be obtained for this particular appliance.
For example, at a gas rate of 16,000 B.t.u. per hour the smallest area of flue opening which will permit complete combustion at an altitude of 200 feet is 1.5 square inches. In order to burn gas at this same rate at an altitude of 10,900 feet an area of 4.25 square inches is required.
The areas required at different altitudes have been obtained in this manner from figure 7, for each of several gas rates, and plotted as 7 The curves have been drawn to intersect the horizontal line representing the "maximum" or unobstructed flue opening at points determined by the intersections, in figure 2, of the "0 percent CO curves" with the line representing 55 percent primary air.
The observations by which these intersections were determined were entirely independent of and are believed to be more reliable than the observations which determined the other data represented in figure 7 .
Bureau of Standards Journal of Research [Vol.10 shown in figure 8. These curves show directly the effect of altitude upon the flue area required for complete combustion at any given gas rate.
It is seen that, as the gas rate becomes higher, the area of flue Since the volume of the products of combustion bears a constant ratio to the volume of gas burned and can be computed from analysis (1 cubic foot of the mixed gas used in the investigation produced 5.12 cubic feet of products), the volume of products at the maximum safe gas rate is also nearly independent of altitude. It has just been shown that the percentage of excess air in the flue gases at the limit of complete combustion is independent of altitude within the limit of observation, and all these facts taken together lead to the following roughly approximate relationship : If an appliance is moved from one elevation to another, the maximum safe gas rate in cubic feet per hour (measured at local barometric pressures) and the corresponding volumes of primary air, secondary air, products of combustion, and^flue gases will remain approximately unchanged.
The rule is to be used only as an approximation. There are important departures from it which have been discussed in section IV.
A mental picture of what happens in the typical appliance may be had by considering the products of combustion as occupying an iii( Teasing proportion of the total capacity of the flue passages as the gas rate is increased, while the amount of secondary air which enters the appliance does not increase in proportion, and finally becomes insufficient to complete the combustion of the gas.
The constant excess of secondary air present in the flue gases in a given appliance when this condition is reached may be regarded as a.
measure of the efficiency of application of the secondary air. A numerical example will make the method clear.
Assume that a blue-flame pilot is to be constructed, tested, and provided at sea level with a fixed orifice and primary air opening which will insure that it will be safe from lifting in Denver at a gas pressure A yellow-flame pilot burns gas with no admixture of primary air, and tests were necessary to determine the extent to which altitude would affect flames of several given heights burning on ports of different sizes. For these tests both the mixed gas of the city supply and propane were used.
The gas rate and corresponding height of flame were determined for two sizes of port (no. 66 and no. 48, drill manufacturers' standard) at sea level and at 9,900 feet, in one case with a flame about 2 inches high, and in another case at the gas rate at which the flame blew away from the port. The height of each flame was plotted against the gas rate, and all the points fell very close to a single straight line for flames up to 6 inches high. This indicates that, for all practical purposes, the height of an unaerated gas flame from a small opening such as is used for a pilot light is determined by the gas rate in B.t.u.
per hour, regardless of altitude, size of port, or the kind of gas used.
The velocity of the gas stream was computed in the cases in which the flame blew away from the port. With a given gas and port size, the velocity required appeared to be independent of the altitude.
With the mixed gas the velocity required was about the same for the two port sizes, but with propane it was slightly greater for the smaller port. The average velocity of the gas stream (both ports and both altitudes) required to blow the flames from the ports was 4.7 times as great for the mixed gas as for propane.
The flame which lifted most easily was that of propane, at the highest altitude, on the smallest port. It 
